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Diffr active Interactions: Theory Summary* 

M. DiehP 

'^Deutsches Elektronen-Synchroton DESY, 22603 Hamburg, Germany 

I review various theory issues in diffraction that have been presented and discussed in the working group, and 
a few points concerning the comparison of theory with data. Some common notation used in diffractive DIS is 
given in an appendix. 



1. Diffraction in DIS 

There has been an ongoing effort in the last 
years to describe diffractive DIS within the frame- 
work of QCD. Progress has been made in under- 
standing the connections between different ap- 
proaches, and we have had presentations about 
modelling the nonperturbative input needed in a 
QCD description. 

Soper [ |l| recalled that to leading twist accu- 
racy, i.e. up to corrections in powers of 1/Q^ , the 
inclusive diffractive cross section factorises into 
a hard photon-parton scattering subprocess and 
diffractive parton distributions. This factorisa- 
tion has been shown to hold to all orders in per- 
turbative QCD [ |[ and may be regarded on the 
same footing as the corresponding theorem for 
the inclusive DIS cross section. Diffractive par- 
ton distributions are defined through quark and 
gluon field operators in a similar way as ordinary 
parton distributions or fragmentation functions; 
consequences of this are that they are process in- 
dependent, and that their dependence on the fac- 
torisation scale is governed by the usual DGLAP 
equations. 

Two tasks follow from this: to test experimen- 
tally where and how well these theory predictions 
are satisfied, and to measure the diffractive par- 
ton densities as a source of information on the 
nonperturbative physics at work in diffraction. 

Two models for diffractive parton densities at 
a low starting scale have been presented. Soper 
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et al. [ |l| have evaluated them for a small-size 
hadron, coupling to a heavy quark-antiquark pair, 
which can be calculated perturbatively Under 
the hypothesis that the basic features of the ans- 
wer survive in the nonperturbative regime rele- 
vant for a proton target the result is then com- 
pared with data on F^ , and does indeed show the 
correct qualitative behaviour. In a similar spirit 
Mueller's dipole approach to the BFKL pomeron, 
which is based on heavy onium scattering, is be- 
ing used by Peschanski et al. [ p| for the descrip- 
tion of i^2 and F2 ■ 

Hebecker et al. [ Q have taken the opposite ex- 
treme of a very large hadron and modelled diffrac- 
tive and non-diffractive parton distributions of 
the proton in their semiclassical approach. Note 
that this description is originally formulated in 
a frame where the target proton is at rest: the 
fast-moving 7* splits into qq or qqg partonic 
states which are scattered in the colour field of 
the target. The expression of the amplitude ob- 
tained in this way can however be re-interpreted 
in the Breit frame: to leading accuracy in 1/Q^ it 
displays factorisation into a hard photon-parton 
scattering and diffractive or non-diffractive par- 
ton densities, including their QCD evolution. In 
a simple model for the colour field of a large tar- 
get Hebecker et al. obtain parton distributions in 
fair agreement with the data on Fj and F^ . 

It is remarkable that two rather opposite model 
assumptions of a very small and a very large 
hadron give results that have several similarities. 
One is the large amount of gluons compared with 
quarks in the diffractive distributions, and the 
other the behaviour of these distributions at small 
and large parton momentum fraction z with re- 
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spect to the Pomeron momentum Xpp: 

dq{z) 2^0 ^ dq{z) 

^ const , 

dxp at dxp dt 

for quarks and 

dgjz) z^o 1 dg{z) z-,i 

dxp dt z ' dxp dt 

for gluons. Notice that such gluon distributions 
gently faU off as z ^ 1 and do not correspond to 
a "super-hard" gluon. 

Wiisthoff [ H] has pointed out that the wave 
function of a 7* splitting into qq or qqg appears 
in these calculations, as well as in the evaluation 
of two-gluon exchange by Bartels et al. [ |g], in 
earlier work by Nikolaev [ 0, and in the dipole 
approach to BFKL [ Q]. It is the idea underly- 
ing the BEKW paramctrisation [ |^, || that the 
kinematic factors provided by the photon wave 
functions control the behaviour of F^ at the end- 
points /3 — > and /3 ^ 1. For the leading twist 
part this is related with the endpoint behaviour 
of the diffractive parton densities; in particular a 
gluon density going like (1 — 2;)" for 2; — > 1 cor- 
responds to a (1 — /3)"+^ behaviour at /3 — > 1 for 
the contribution of boson- gluon fusion to F^ ■ It 
would be interesting to understand in more de- 
tail to which extent the perturbative physics of 
the photon wave function can account for the /?- 
dependence of F^ and to which extent this de- 
pendence reflects the nonperturbative dynamics 
of gluons in the proton. 

In the comparison of theory with experiment 
the large-z behaviour of the diffractive gluon den- 
sity still remains to be understood; a reflection of 
this is the existence of two solutions in the BEKW 
fit to the HI data [ g| , one corresponding to a very 
"hard" gluon, the other to a fairly "soft" one. 

An important part of the programme to investi- 
gate diffractive parton densities, and to constrain 
their shapes, is to look at other processes where 
diffractive factorisation is expected to hold. With 
densities obtained from an analysis of F^ data it 
is indeed possible to describe diffractive dijet pro- 
duction in 7*p collisions, and in 7p collisions in 
the region where they are dominated by the di- 
rect, pointlike component of the photon [g]. 

What the implications are of the HI and ZEUS 
data on diffractive charm production [ nfl, ni| is 



too early to say and will have to be clarified. It 
has been emphasised in the discussions that if this 
process is compared with the results of two-gluon 
exchange calculations then both the cc and ccg 
final states must be taken into account, the latter 
being important at small /3. Note also that the cc 
final state is not included in a description based 
on diffractive parton densities (unless one intro- 
duces a diffractive charm quark distribution). 

Further information can be expected from stud- 
ies of the diffractive final state. At this point it is 
important to remember that part of the final state 
configurations is not included in the leading-twist 
description with diffractive parton distributions. 
An example is a gg-pair with large relative trans- 
verse momentum, originating from a longitudi- 
nally polarised 7*. Its importance for the analy- 
sis of F2 at large /? has been stressed [ H q|, in 
particular because of its influence on the scaling 
violation pattern. Bartels [ ^ has reported on 
work to calculate the qqg final state in the two- 
gluon exchange picture for a wider part of phase 
space than where it is known so far, namely for 
configurations where quark and antiquark do not 
balance in transverse momentum and where the 
gluon is not approximately coUinear with the ini- 
tial proton. One motivation of this study is that 
for configurations with only high-pr partons in 
the diffractive system one may expect a steeper 
energy dependence than for the inclusive cross 
section as a manifestation of hard pomeron dy- 
namics. 

Williams et al. [ Q2| have investigated the re- 
strictions on the diffractive system imposed by a 
rapidity gap cut in the HERA frame, following 
earlier work by Ellis and Ross. They find that no 
effect is to be expected with presently used values 
of r\max , but advocate to use data with stronger 
cuts as a means to study the structure of the final 
state in a way that is sensitive to the diffractive 
mechanism. 

2. Leading baryons in DIS 

The concept of diffractive factorisation can be 
extended to non-diffractive production of a lead- 
ing proton or neutron; in fact diffractive parton 
densities are a special case of fracture functions 



[ 03] , which describe semi- inclusive particle pro- 
duction in the target fragmentation region. The 
data on leading baryon production [ nj] do in- 
deed indicate that this factorisation is satisfied, 
and in particular show that in DIS leading baryon 
production is a leading twist phenomenon, as is 
diffraction. It is further found that, when the 
cross section is integrated over a certain range 
of momentum fraction for the leading baryon, its 
dependence on Bjorken-a; follows that of the in- 
clusive cross section, which supports the idea of 
limiting fragmentation [ Urn . 

3. The energy dependence and the BFKL 
pomeron 

The same similarity in energy dependence has 
been observed some time ago in the diffractive 
regime, and led Whitmore et al. to compare 
diffractive quantities (integrated over a certain 
range in xp at fixed x) with inclusive ones at 
the level of parton densities [ Q . It should also 
be noticed that a number of models can actu- 
ally make simultaneous predictions for F^ and 
-^2 [ B @' H : ^'^d one may hope that more will be 
learnt from confronting the dynamics of inclusive 
and diffractive DIS. 

While for the dependence of F^ on Q^, and 
to a lesser degree on f3, a number of predictions 
can be made in QCD and a certain convergence 
between theory approaches has been achieved, it 
is fair to say that the energy or xj^-dependence is 
still poorly understood. 

Applying the ideas of Regge phenomenology 
to diffractive parton densities one arrives at the 
Ingelman-Schlein proposal [ |l5| . In this scenario 
diffractive parton distributions factorise into a 
flux factor fp/p and parton distributions F^gip 
of the pomeron, cf. Fig. |l| (a), 
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where the flux factor can be obtained from 
the Regge phenomenology of soft hadronic reac- 
tions. A slightly more general ansatz with a sum 
over contributions from the pomeron and various 
reggeons turns out to work rather well as analyses 
of the data for F^ and for leading baryons show 
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Figure 1 . Two different types of Regge factori- 
sation discussed in the text: (a) of a diffractive 
parton density and (b) of a diffractive scattering 
process. 



[ g, |lj] . As is well known the pomeron intercept 
extracted in diffractive DIS is larger than the one 
found in hadron-hadron scattering and in pho- 
toproduction. It remains to be understood how 
such a Regge description can go together with 
the observed similarity in the energy dependence 
of F2 and F^ mentioned above. 

It may be worthwhile to notice that if at 
some factorisation scale Qq, large enough to use 
DGLAP evolution, the xjp-dependence of the 
diffractive parton distributions factorises as in 
(|^), then this dependence remains unchanged 
when one evolves to higher Q^, and with it the 
energy dependence of the leading twist part of 
^F [ 111 tH- This is very much in contrast to 
the x-dependence in F2, which is made steeper 
by evolution. 

Yet another kind of factorisation is Regge fac- 
torisation (or kx factorisation in the context of 
perturbative QCD) of the entire diffractive pro- 
cess "f*p — > Xp' into pomeron exchange and im- 
pact factors, describing the transitions 7* — > X 
and p ^ p' , cf. Fig. || (b). It should be remem- 
bered that this factorisation goes beyond leading 
twist, as the 7* — > X impact factor contains more 
than the leading power in l/Q^. The role of a 
large scale Q^ here is to introduce perturbative 
QCD dynamics into the process. 



To probe the pomeron in a dynamical situation 
where it is as much dominated by hard physics 
as possible, two types of " gold plated" processes 
are being discussed: high energy 7*7* collisions, 
where the pomeron couples to a hard scale at both 
ends, and diffraction at high t, where a large mo- 
mentum is transferred across the i-channel. 

Royon et al. [ |l^ have studied the total 
7*7* cross section in the dipole BFKL approach. 
Choosing similar virtualities of the two photons 
should provide a means to separate BFKL from 
DGLAP dynamics (which describes the evolution 
between two different momentum scales), some- 
thing which cannot be achieved in the proton 
structure functions F2 or F^ . It may be worth 
noting that the leading order BFKL prediction for 
7*7* ^ X is excluded by the L3 data [ |l8|. 
In a phenomenological estimate of NLO correc- 
tions Royon et al. find that the effect of BFKL 
resummation over bare two-gluon exchange could 
be seen at a linear collider, while the discriminat- 
ing power of LEP2 is marginal. 

Theory aspects of high-t diffraction in ep or 
hadron-hadron collisions have been discussed by 
Forshaw [ |9|. He emphasised that within the 
BFKL resummation even a moderately large mo- 
mentum transfer across the gluon ladder is very 
efficient in suppressing the dangerous infrared re- 
gions in the phase space integrations, where the 
results of perturbation theory become doubtful. 
He also pointed out the virtues of large-t diffrac- 
tive production of J/^, light mesons or real pho- 
tons, processes which do not suffer from the dif- 
ficulties of hadronisation effects and rapidity gap 
survival encountered in forward high-pT jet pro- 
duction, and according to estimations give ob- 
servable event rates in large parts of phase space. 
Inclusive high-< diffraction jp -^ XY , defined by 
the largest rapidity separation in the event has 
been discussed by Cox [ gO| . 

On the theoretical side progress has been re- 
ported in understanding the structure of the 
BFKL pomeron. Kotsky [^ has verified that the 
impact factors occurring in the BFKL equation at 
NLO satisfy a condition of self-consistency for the 
reggeisation of the gluon. At the level of LO accu- 
racy the subject of multi-pomeron couplings and 
unitarity corrections has received much interest. 



Ewerz [ g2[ recalled that in order to satisfy the 
unitarity bound the leading log(l/2;) approxima- 
tion has to be relaxed to take into account dia- 
grams with more than 2 reggeised gluons in the 
t-channel. Investigating the transitions between 
2 and up to 6 gluons he found a structure consis- 
tent with the unitarity of an underlying effective 
field theory at high energy, based on conformal 
invariance, which remains to be formulated. In 
the dipole approach Peschanski [ 0] has obtained 
several exact results for multi-pomeron vertices, 
noting that the corresponding pomeron configu- 
rations may be phenomenologically accessible in 
the triple Regge regime of ep diffraction and for 
various types of gap-jet events at the Tevatron. 
Gay Ducati [ ^ presented an evolution equation 
for F2 which incorporates unitarity corrections 
and contains the Gribov-Levin-Ryskin equation 
as a limiting case. This equation can be derived 
within the dipole pomeron approach, where it cor- 
responds to parton recombination in the colour 
dipole cascade initiated by the virtual photon. 

4. Diffraction in pp and ep collisions 

The confrontation of rapidity gap events at the 
Tevatron with those at HERA provides an oppor- 
tunity to learn about the interplay between hard 
and soft dynamics and about the transition from 
partons to hadrons in reactions with a hard scale. 

While in diffractive DIS there is a factorisation 
theorem for the inclusive cross section and factori- 
sation is expected to hold for hard diffractive ^p 
processes where they are dominated by the point- 
like component of the photon, there are theory 
arguments that in hadron-hadron diffraction fac- 
torisation should break down due to interactions 
between the spectator partons of the participat- 
ing hadrons. This expectation is borne out in the 
comparison between HERA and Tevatron data: 
the presentations by Whitmorc [ Q and the ex- 
periments [ Q consolidate previous statements 
that with diffractive parton distributions which 
fit the inclusive F^ and diffractive jet produc- 
tion data at HERA (and which are thus required 
to contain a significant amount of gluons) predic- 
tions for Tevatron processes come out far too big. 
There are also hints for factorisation breaking in 



difFractive jet photoproduction in the region of 
x^ where the hadronic component of the photon 
becomes important [ pi . 

A way of quantifying the phenomenon of fac- 
torisation breaking is the concept of gap survival 
probabiUty, according to which a potential ra- 
pidity gap left by a hard subprocess is filled by 
hadrons produced in collisions between spectator 
partons. Gotsman [M presented a model for the 
survival probability, where in particular a strong 
dependence of gap survival on the total energy in 
the reaction is found. 

The experimental observation that the trans- 
verse energy spectra in double diffractive, single 
difFractive and non-diffractive jet production at 
the Tevatron look very similar [ |2J, 11 1 supports 



the picture that in all cases one has to do with 
the same hard partonic subprocesses, and that it 
is mainly soft interactions which may or may not 
destroy the rapidity gap, while not modifying the 
large- i^T spectrum of the jets. 

A particular implementation of the idea that 
hard diffractive and non-diffractive events can be 
described by a perturbative subprocess and non- 
trivial dynamics of hadronisation which deter- 
mines whether there will be a rapidity gap or not, 
is the soft colour interactions model. Ingelman [ 
p6[ showed that in this model a number of pro- 
cesses both at the Tevatron and at HERA can be 
fairly well described, without incurring the huge 
discrepancies in rates of the factorisation ansatz. 
The physics assumption underlying soft colour in- 
teractions is a rearrangement, before hadronisa- 
tion, of the colour strings between partons due to 
their interaction with a colour background field. 
Ingelman further presented an alternative mech- 
anism based on re-interactions among the strings 
themselves, with the hypothesis that these inter- 
actions tend to minimise the phase space area 
"swept out" by the strings. This rather simple 
model is able to give a reasonable description of 
F?. 



5. Light meson production 

Exclusive vector meson production has long 
been a major source of information in diffractive 
physics. Within perturbative QCD it has been 



shown [ ^ that in the Bjorken limit of large 
Q^ at fixed x and t, and for longitudinal polar- 
isation of the initial photon, the amplitude for 
7*p -^ Mp' factorises into a skewed parton dis- 
tribution in the proton, a hard parton scattering 
and the distribution amplitude of the meson M, 
cf. Fig. 0. The amplitude for transverse photons 
should be power suppressed by 1/Q. How far one 
is from the asymptotic regime can thus in particu- 
lar be studied with polarisation observables. The 
data on the ratio R ~ ctl/ctt of cross sections 
for longitudinal and transverse photons have in- 
dicated for some time that there is a substantial 
amount of transverse cross section even at a Q^ 
of 10 GeV or more, and the measurements of 
the full decay angular distributions [ ^ provide 
a wealth of information about nonleading twist 
phenomena and the physics of the photon-p tran- 
sition in a perturbative regime. In this sense their 
importance goes well beyond the statement that 
s-channel helicity is not conserved to an accuracy 
better than some 10%. The simplest descriptions 
of the p, be it through a distribution amplitude, 
where the relative transverse momentum between 
quark and antiquark is integrated out, or as a 
nonrelativistic bound state where a constituent 
gg-pair equally shares the meson momentum, are 
both too simple to describe this process beyond 
a 10% accuracy, and the data on the p polari- 
sation density matrix strongly indicate that the 
inclusion of transverse momentum of the qq-pair 
is essential. Three implementations of this, using 
rather different frameworks and physics assump- 
tions, have been presented by Kirschner, Nikolaev 
and Royen [OE, 30, 31|. Within the present exper- 
imental errors they can all account for the data, 
in particular for the pattern of s-channel helicity 
violation, but they differ among themselves to an 
extent that it may in the future be possible to 
learn which are the adequate degrees of freedom 
in the transition from 7* to p. 

In diffractive p-production at large t, already 
mentioned in connection with the search for the 
perturbative pomeron [ |l9| , the photon-p transi- 
tion can again be studied in a region where one 
should be able to describe it within perturbative 
QCD. Also here polarisation observables can pro- 
vide important insight into the dynamics, and it 




Figure 2. Leading- twist factorisation of me- 
son production from a longitudinal photon into a 
skewed parton distribution in the proton, a hard 
scattering and the distribution amplitude of the 
meson. 



will be interesting to understand the results on 
the p polarisation at high t shown by Crittenden 

Polyakov [ ^ has shown that the leading twist 
description of p-production can be extended to 
the production of a 7r+7r^-pair with invariant 
mass M"^^ -^ Q^, be it on or off the p-peak. The 
corresponding generalised distribution amplitude 
describes how a pion pair is formed out of a fast- 
moving gg-pair, and is related by crossing with 
the parton distributions of the pion. It offers a 
new way to look at the distribution amplitude of 
a resonance, and also shows that in the factorising 
regime it is not necessary to extract a "p-signal" 
from the pion invariant mass spectrum in order 
to study, say, the xp- and i-dependence of the 
process and the physics of skewed parton distri- 
butions. 

The cornerstone of understanding diffraction 
in QCD is the gluon exchange picture, which 
has as a natural implication that an odderon 
should exist as the negative charge conjugation 
partner of the pomeron. No experimental ev- 
idence for this object exists so far. Exclusive 
production of a pseudoscalar instead of a vec- 
tor meson offers a way to look for odderon ex- 
change in ep collisions. Using the description of 
high-energy scattering developed by the Heidel- 
berg group, which accounts quite well for data 
on elastic hadron-hadron scattering and exclusive 



/o-production, Berger [ Q has presented an esti- 
mate of the cross section for photoproduction of 
a 7r°, going along with proton dissociation. He 
found rates that should make it possible to dis- 
cover the odderon at HERA. 

6. Heavy meson production and skewed 
parton distributions 

Since the first data on exclusive T photopro- 
duction have been presented a year ago there have 
been improvements in the theory of this process, 
for which at the time predictions were far be- 
low the measured cross sections (while with the 
same model assumptions J/^-production could 
be described rather well) . A number of simplify- 
ing assumptions had to be refined, and the pre- 
sentations by McDermott and Teubner [ ^, |3q| 
showed that while differing in details both groups 
obtain cross sections in fair agreement with the 
data. Points of debate are mainly the choice of 
factorisation scale in the gluon distribution, and 
the question of how good a nonrelativistic approx- 
imation is for the T wave function (in addition, 
Teubner et al. also give a result based on parton- 
hadron duality). An effect which increases the 
cross section compared with the "naive" result 
is the inclusion of the real part of the scatter- 
ing amplitude, whose importance is related with 
the very steep energy dependence of the skewed 
gluon distribution at the high factorisation scale 
provided by the T mass. Perhaps even more 
spectacular is the effect of the "skewedness" in 
the gluon distribution, i.e. the difference between 
the momentum fractions xi and X2 of the two 
exchanged gluons (cf. Fig. ||), which is fixed at 
xi - a:2 = {My + Q'^)/W^ for the production of 
a meson with mass My. Estimations find that 
due to the large mass of the T the effect of this 
asymmetry amounts to a factor of 2 to 3 in the 
cross section, compared to just approximating the 
skewed gluon distribution by the ordinary one, 
where xi = X2- 

Important theory progress has been made in 
the understanding of skewed parton distributions, 
in particular concerning their evolution (cf. also 
the presentations in the spin working group of 
this workshop) . Martin [ p7| has given arguments 



why for small xi and xi — X2 the effect of the 
asymnietry between xi and X2 at a low factori- 
sation scale becomes more and more washed out 
as one evolves to large scales, so that the asym- 
metry there becomes increasingly dominated by 
the dynamics of the evolution. One thus expects 
to obtain a good approximation of skewed distri- 
butions at a high factorisation scale by evolving 
them from a low scale, approximating the skewed 
distributions at the starting scale by the ordinary 
ones in an appropriate manner. Different ways 
of performing this approximation have been pre- 
sented by Martin and by Golec-Biernat [pq] . This 
procedure then relates skewed and ordinary dis- 
tributions in a nontrivial but controlled way. 

In the small- a; regime the measurement of 
skewed parton (mainly gluon) distributions may 
in such a way be used to obtain information 
on the ordinary gluon distribution. For larger 
X, where also the asymmetry xi — X2 is larger, 
one can expect that the skewed quantities (now 
mainly the quark distributions) will contain non- 
perturbative information on the proton structure 
that cannot be obtained from the ordinary ones. 
The kinematics at HERMES allows one to study 
this regime, and the first comparison of exclusive 
p-production data [ |3^ with an estimate based on 
skewed quark distributions is encouraging for the 
applicability of this description at lower energies. 

Freund [ Q has emphasised that the most di- 
rect information on skewed distributions may be 
obtained in deeply virtual Compton scattering, 
1*P ~^ IP- On one hand there is no second non- 
perturbative unknown like a meson wave func- 
tion, and on the other hand the interference of 
Compton scattering with the Bethe-Heitler pro- 
cess in ep -^ ejp offers a possibility to measure 
the new distributions at amplitude level. In par- 
ticular the different ways how the skewed dis- 
tributions enter in the real and imaginary parts 
of the Compton amplitude contains valuable in- 
formation. The interference term is accessible 
through an azimuthal asymmetry, and even more 
directly through the asymmetries in the beam lep- 
ton charge (e^ vs. e^) or polarisation. 

With T-production providing probably the first 
evidence for nontrivial effects of skewedness, it 
can be hoped that future data on various pro- 



cesses will enable us to make use of skewed par- 
ton distributions as an additional tool to study 
hadron structure. 
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Appendix 

This appendix gives some commonly used nota- 
tion in diffractive DIS. Four- momenta are defined 
in Fig. I 

• General DIS variables: 
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Diffractive DIS variables: 

t = {p-p'f 
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Figure 3. Definition of some kinematic variables 
in a generic difFractive process ep — > eXY. It 
includes the special cases when y is a proton or 
X a vector meson. Between the hadronic systems 
X and Y there is a gap in rapidity. 



DifFractive structure functions: 
dV{ep -> eXY) Anal 



)-2 

em 



dx dQ'^ dxjp dt 



i-y 



V^\ pD(4) _ y^ pD(A) 



D{4) ^ pD(4) _^ pD{4) 



F. 



• i-integrated difFractive structure Functions: 
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with i = 2, T, L. Here jtlmm is the lower kine- 
matic limit of |i| and \t\max has to be specified. 
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